The reaction by which 5-HT is formed from its immediate precursor, 5-hydroxytryptophan, has been extensively studied, notably by Gaddum and Giarman (1956) , and the appropriate enzyme, 5-hydroxytryptophan decarboxylase, is known to be of widespread occurrence, the relative amounts in different tissues being to some extent parallel to the relative tissue contents of 5-HT. On the other hand very little information is available on the reaction by which tryptophan is converted to 5-hydroxytryptophan, and only circumstantial evidence appears to be available to show that the reaction occurs in mammalian tissues.
5-HT appears likely to prove to be of considerable importance in brain function. It is unlikely that brain 5-HT is derived from circulating blood 5-HT, as 5-HT will not penetrate the blood-brain barrier (a fact confirmed by the absence of mental symptoms in patients with argentaffinoma). On the other hand 5-hydroxytryptophan penetrates the blood-brain barrier readily (Udenfriend, Bogdanski and Weissbach, 1956 ) and injection of 5-hydroxytryptophan, unlike 5-HT, will cause a rise in brain 5-HT levels, as is to be expected from the presence of 5-hydroxytryptophan decarboxylase in the brain.
Although the 5-HT circulating in the blood is, under normal circumstances, contained entirely in the platelets, the platelets are known not to be the site of synthesis. However platelets take up 5-HT from solution (Humphrey and Toh, 1954) and there are many sites (e.g., the intestinal tract; Toh, 1954) where the presence of large amounts of 5-hydroxytryptophan decarboxylase suggests that the circulating platelets may acquire their 5-HT. There is, however, no evidence that the 5-hydroxytryptophan is formed at the same sites at which it is decarboxylated.
The present paper describes an investigation of the problem of 5-hydroxytryptophan formation. The above lines of reasoning suggested that 5-hydroxytryptophan might be formed at some central site, and distributed by the blood to the organs for local formation of 5-HT by decarboxylation. As the liver is the site of other hydroxylation reactions of aromatic amino acids, e.g., of phenylalanine to tyrosine (Udenfriend and Cooper, 1952) and of kynurenine to hydroxykynurenine (de Castro, Price and Brown, 1956) we paid particular attention to liver preparations. This work has been the subject of a preliminary communication (Dalgliesh and Dutton, 1957 Autoradiography of paper chromatograms was carried out on Ilford X-ray film.
Determination of 5-hydroxytryptophan decarboxylase activity.-Approximately 250 mg. of tissue slice were incubated at 38°in Krebs-Ringer bicarbonate (Umbreit, Burris and Stauffer, 1949) containing 88 /tg./ml. 5-hydroxytryptophan and 1 mg./ ml. choline p-tolyl ether, in a total volume of 5 mnl. In the expriments in which direct comparison was made with Gaddum and Giarman's (1956) results, tissue homogenate was used instead of slices, and the amount of amine oxidase inhibitor used was as in Gaddum and Giarman's work. Tissue slices were prepared either by hand using a razor, or with a mechanical chopper (Mcllwain and Buddle, 1953) similar results being obtained with tissues prepared by the two methods. The 5-hydroxytryptamine was determined as described below.
Determination of 5-HT.-The method was based on that of Udenfriend, Weissbach and Clark (1955) which involves extraction into butanol from an alkaline salt-saturated solution, followed by two washings with borate buffer, pH 10, and then addition of heptane and re-extraction into dilute hydrochloric acid. The following modifications were made: (a) to obtain good recoveries of 5-HT it was found essential to have the pH of the borate buffer between 9-5 and 9*8; and (b) the 5-HT was finally extracted into 3N-HC1 instead of dilute HC1, and the 5-HT determined fluorimetrically (cf. Udenfriend, Bogdanski and Weissbach, 1955 ) using the fluorimeter of Laurence (1957) , instead of colorimetrically. The filter for the exciting light was a 3 cm. quartz cell containing a mixture of 2 parts of a saturated solution of cobalt sulphate and 1 part of a saturated solution of nickel sulphate. The filter for the emitted light was a Chance OY 18. Calibration curves were made for each set of determinations. The method was satisfactory down to 0 02 ,tg. 5-HT/ml.
A further modification of Udenfried, Weissbach and Clark's (1955) procedure was made if the extract was to be used for chromatography The final washing of the butanol extract was made with distilled water adjusted to pH 10. This removed most of the salt from the butanol and resulted in only small loss of 5-HT.
Determination of 5-HIAA was by our modification (Macfarlane, Dalgliesh, Dutton, Lennox, Nyhus and Smith, 1956 ) of the method of Udenfriend, Titus and Weissbach (1955) .
Separation of mouse intestinal mucosal preparation. The entire small intestine (from stomach to caecum, exclusive) was removed, placed on a glass plate at 00, and cut into short lengths. The gut contents were then squeezed out by light pressure, and washed away. The inner coat of the mucosa could then be squeezed out by firmer pressure to give a " mucosal preparation". The 5-HT content of the mucosal preparation so obtained agreed closely with the 5-HT content of whole gut, showing that recovery of mucosa was essentially quantitative.
Preparation of rat intestinal mucosa.-In this case the small intestine was cut open, washed, and the mucosa scraped off.
Incubation experiments u'ith tissue preparations
The following is a typical procedure, in an experiment with unlabelled tryptophan: approxinately 250 mg. mouse intestinal mucosal preparation was incubated with L-tryptophan (final concentration 250 ,ug. /ml.) and choline p-tolyl ether (final concentration 1 mg. /ml.) made up to a total of 5 ml. in M/ 15 phosphate buffer, pH 8. Two controls were run simultaneously, one with tryptophan omitted, and the other with tryptophan replaced by 5-hydroxy-DL-tryptophan. At suitable times the mixtures were extracted for 5-HT determination as described above.
The following is a typical experiment with labelled tryptophan: 250 mg. mouse liver slices were incubated in buffer as above with a total of 440 ,tg.
5-hydroxy-DL-tryptophan, 300 ,ug. 5-HT and 84 ,ug. (containing 1X4 ItC) of L-['4C]trvptophan (the 5-hydroxytryptophan and 5-HT were to " trap " any labelled metabolites that might be formed; in other experiments the 5-hydroxytrylptophan was omitted). After incubation for a suitable period (e.g., 1 hour) the mixture was extracted and the concentrated extract submitted to one-or twodimensional paper chromatography, followed by autoradiography and/or scanning of the resultant chromatogram. The position of the 5-hydroxyindoles on the chromatogram was then determined using Ehrlich's reagent (p-dimethylaminobenzaldehyde in HRC).
Incubation experiments with liver mitochondria
Rat liver mitochondria were prepared by the method of Hogeboom (1955) . Ox liver mitochondria were given by Drs. G. Popjak and P. Hele. The mitochondria preparations were tested by comparing respiration rates on incubation with oc-oxoglutarate in the presence and in the absence of malonate as an inhibitor (Copenhaver and Lardy, 1952 ). They were further tested by examining their ability to carry out the conversion of kynurenine to hydroxykynurenine under the conditions described by de Castro, Price and Brown (1956) .
A typical experiment with unlabelled tryptophan was as follows: A mixture of a rat liver mitochondrial suspension (0.3 ml., equivalent to 500 mg. liver), 50 (t),mole citrate (in 0.1 ml.), 0-67 /amole TPN (in 0 1 ml.), 2-5 ,umole L-tryptophan (in 0.1 ml.), 33 ,tmole nicotinamide (in 0-2 ml.) and 005 M phosphate buffer, pH 7*4 (0.9 ml.) was incubated for 2 hours at 37°. The incubate (20 pl. portions) was then spotted on the origin of chromatograms. The remaining incubate was then treated with deactivated charcoal (Asatoor and Dagliesh, 1956 ) and the adsorbed aromatic substances eluted with aqueous phenol, concentrated and run on paper chromatograms, with spots of known 5-hydroxyindoles for reference. As a control a similar incubation was carried out with kynurenine instead of tryptophan, and the final chromatograms were examined for the presence of hydroxykynurenine.
A typical experiment with 14C-labelled tryptophan was as follows: The mixture was made up as above with in addition, 15 ,ug. L-[U-14C] tryptophan (containing 0-23 I1C.), and 44 /tg. unlabelled 5-hydroxy-DL-tryptophan to act as trapping agent. Chromatography, autoradiography and scanning for radioactivity were carried out by the usual procedures.
Perfusion apparatus
This is illustrated diagrammaticallv in Fig. 2 . The circulating fluid consisted of 75-150 ml. oxygenated Locke's solution. From the lower reservoir, A, consisting of a wide open-mouthed funnel with sintered glass disc (7 cm. diam., porosity 1) and tap, the fluid descended to a small chamber, B, into which oxygen was continuously admitted at a pressure of about 2 lb. /sq. in. The fluid then rose to a water jacketed spiral, c, from the top of which the oxygenated fluid passed through a splash-head, D, into an upper reservoir, E. An overflow pipe drained the fluid in excess of perfusion requirements back into the lower reservoir, A. The perfusing fluid was then led through another jacketed spiral, F, having an exposed loop of rubber tubing, G, to allow substances to be injected into the perfusion stream (e.g., methylene blue at the end of a perfusion). The lower end of the spiral, F, was connected to a long length of rubber tubing (80 cm. long, and 1.5 mm. bore) connected to the cannula, This allowed dissection to be carried out on a nearby internal temperature (thermometer, Th) of the chamber at 37°. After perfusion the fluid passed into the lower reservoir, A, for further circulation.
Substrate additions were made from a syringe, carried on a board, I. The plunger of the syringe was depressed by an arm moving along gearing attached to the spindle of an electric clock motor, J. K is a micro-switch stopping the motor after Circulation of the perfusion fluid was due to a lift pump action, the weight of the unbroken column of fluid between A and B exceeding the weight of fluid in the ascending column in which the fluid was broken up by bubbles of oxygen. Through the jackets of the spirals c and F there was continuously circulated water at 38°. This was derived from a reservoir, R (the bath of a Warburg apparatus) and was conveniently circulated by an Archimedean screw, consisting of a laboratory stirrer (driven by the motor, M) closely fitting inside a piece of wide polythene tubing, P, arranged inside a 2 1. measuring cylinder, s, as shown.
Heating water circulated through the upper spiral, c, by siphoning, whicM could be initiated by means of the upper tap shown. TT represents laboratory scaffolding.
Liver perfusion
The glass inlet cannula was placed in the hepatic portal vein and the outlet cannula in the inferior vena cava.
Gut perfusion (Fig. 3) The gut was not removed from the animal. The inlet cannula, H, (a stainless steel a in. hypodermic needle, size 21 g.) was placed in a cut, I, in the aorta. The outlet cannula (glass) was inserted in the hepatic portal vein just below the liver. L1 is a ligature tied over the inlet cannula, L2 isolates the arterial and venous supply to the right kidney (R.K.), L3 and L4 isolate the left kidney (L.K.) and a cut between L3 and L4 gives access to the aorta, which is ligatured at L5 and L6. v represents the inferior vena cava, C.A. the coeliac axis, and s.M. and I.M. the superior and inferior mesenteric arteries. RESULTS 5-Hydroxytryptophan Decarboxylase 5-Hydroxytryptophan, being an amino acid, cannot be conveniently extracted from aqueous solution by an organic solvent, and such an extraction is desirable to allow separation from precursor tryptophan of 5-hydroxyindole derivatives. Any 5-hydroxytryptophan formed was therefore either allowed to undergo decarboxylation by endogenous 5-hydroxytryptophan decarboxylase in the presence of an amine oxidase inhibitor, so that the 5-hydroxyindole isolated was 5-HT, or the amine oxidase inhibitor was omitted, in which case the 5-hydroxyindole is to be expected mainly in the form of 5-hydroxyindoleacetic acid (5-HIAA).
The 5-hydroxytryptophan decarboxylase activity of the tissues under investigation was therefore examined to determine the degree of conversion of 5-hydroxytryptophan to 5-HT that might be expected.
Preliminary experiments showed that choline p-tolyl ether caused sonme depression of 5-HT fluorescence, e.g., the fluorescence of a solution of 2.5 /tg. initial rate determinations in our experiments are in many cases appreciably higher than previously found, and indicate the high tissue activity of this enzyme.
Any hydroxytryptophan formed in our experiments would, in the absence of added hydroxytryptophan, thus be expected to be transformed to hydroxytryptamine as fast as it was formed. But in addition, especially in the case of intestinal mucosal preparation, if only a small amount of 5-HT were formed it might be degraded as fast as formed. It was not determined whether or not the disap-pearance of 5-HT in intestinal mucosal preparations even in the presence of large amounts of an amine oxidase inhibitor was due to an alternative metabolic pathway.
Marsalid (iproniazid; 1-isopropyl-2-isonicotinylhydrazine) was used as an amine oxidase inhibitor in a few experiments. It had no advantages over choline p-tolyl ether.
As the rates of decarboxylation found in our experiments were higher than those found by Gaddum and Giarman (1956) several experiments were carried out to determine whether the product formed under our conditions was in fact 5-HT. That this was the case was indicated by the following results: (a) The substance estimated fluorimetrically as 5-HT was found on paper chromatograms to give a spot of the same RFas authentic 5-HT.
(b) Semni-quantitative estimation of the substance on paper chromatograms, using the colour reaction with Ehrlich's reagent (p-dimethylamlinobenzaldehyde in HC1) gave values agreeing with the fluorimetric estimation.
(c) The ultraviolet absorption spectrum of the substance extracted fromn chromatograms agreed with that of authentic 5-HT, and optical density determinations gave values within 3 per cent of those determined fluorimetrically.
(d) Determinations of the 5-hydroxytryptophan remaining (using the nitrosonaphthol reagent as for the other 5-hydroxyindoles; only an approximate determination is possible as the 5-hydroxytryptophan cannot conveniently be extracted for purification) agreed with values to be expected from the 5-HT formed.
(e) The 5-HT in two experiments was kindly estimated pharmacologically, using the oestrous rat uterus, by Dr. R. S. Stacey, to whom we are most grateful, and the results corresponded with those determined fluorimetrically.
The reason for the differences between our results and those of Gaddum and Giarman (1956) is not clear. Possible reasons are that the amine oxidase inhibitor was acting more efficiently in our experiments or that our procedure for isolating 5-HT after incubation was more efficient, or led to less non-enzymic oxidative breakdown of 5-HT.
The Tryptopharn Hydroxylation Reaction Experiments with tissue preparations
In experiments with unlabelled tryptophan the incubation mixtures were extracted at a suitable pH and examined for 5-HT (if amine oxidase inhibitor had been present in the incubation) or 5-HIAA. Using rat or mouse liver or intestinal mucosal preparations no formation of 5-HT or 5-HIAA was detectable, whereas 5-hydroxytryptophan added to controls showed a normal conversion.
In experiments with [14C]tryptophan unlabelled 5-HT (if amine oxidase inhibitor was present), or unlabelled 5-HIAA, or both, was added to trap any labelled metabolites formed. Again no formation of 5-hydroxyindoles was demonstrable.
It is conceivable that the choline p-tolyl ether inhibited the hydroxylation reaction, but this could not have occurred in those experiments in which the amine oxidase inhibitor was omitted and the incubation mixture was examined for 5-HIAA. It is also possible that 5-HT or 5-HIAA added as carrier in the metabolic experiments did not mix with endogenously formed 5HT or 5-HIAA. It is more likely however that the negative results were due to absence of, or inactivation of, the enzyme system.
Experiments with liver mitochondria
The conditions in these experiments were based on those used by de Castro, Price and Brown (1956) (Dalgliesh and Tabechian, 1956) . We considered that these results indicated that the livers were functioning normally during the perfusion period, and that if the hydroxylation of the 5-position of tryptophan occurred in the liver it should therefore be detectable.
Liverwas perfused, in general for 1 hour, with from 1 to 5 ac. L-[U-14C]tryptophan, in some cases with unlabelled carrier tryptophan added, in'others without. Control experiments showed that unlabelled 5-HT, 5-HIAA or 5-hydroxytryptophan in the perfusing fluid did not alter the flow rate and small amounts of one or more of these substances (usually about 250 ,tg. 5-HT or 5-hydroxytryptophan and 2-3 mng. 5-HIAA) were added to the perfusing fluid, with the labelled tryptophan, by means of the syringe (Fig. 2) . At the end of the perfusion, further known amounts of 5-HT and 5-HIAA were added, the aromatic substances were adsorbed on charcoal deactivated with 8 per cent by weight of octadecylamine (Asatoor and Dalgliesh, 1956) , eluted, concentrated, chromatographed, and the chromatograms autoradiographed, and examined for radioactivity in the 5-hydroxyindoles. In case 5-hydroxyindoles remained bound to liver tissue, a portion of the liver immediately after perfusion was homogenized, and the homogenate extracted by standard procedures at suitable pH for 5-HT (cf. Udenfriend, Weissbach and Clark, 1955 , and this work) and 5-HIAA (cf. Udenfriend, Titus and Weissbach, 1955) and chromatograms of the extracts were also autoradiographed. The recovery of 5-hydroxyindoles at the concentrations being handled was determined in separate experiments. The amount of available [U-14C]tryptophan limited experiments with labelled tryptophan to eight. In none of these experiments (in the two most sensitive of which it was calculated that formation of 5-hydroxyindoles at approximately 3 per cent of the known rate of production for the whole animal 20 would have been detectable; cf. Discussion) was any radioactivity detectable in the 5-hydroxyindoles. It was, however, noticed that both 5-HT and 5-HIAA gave rise to derivatives, presumably conjugates, resembling in their chromatographic behaviour substances noted in carcinoid urines Smith, Nyhus, Dalgliesh, Dutton, Lennox and Macfarlane, 1957) were unable in the time available to establish conditions in which adequate oxygenation of the tissues was occurring.
DISCUSSION
The lack of knowledge of the hydroxylation stage in 5-HT biogenesis is a reflection of the experimental difficulties in working with hydroxylating systems in general. In view of these difficulties considerable care has to be taken in the acceptance of negative evidence. The negative results in our experiments with tissue slices, homogenates and sub-cellular preparations might well be attributable to the lability of the hydroxylating system. But we feel that the results of the liver perfusion experiments, though negative, are significant By all the criteria applied the livers were behaving normally and were fully oxygenated, and under these conditions the hydroxylating system, if present, would be expected to remain intact. We calculatedthat in our most sensitive experiments formation of 5-hydroxytryptophan at a rate greater than 3 per cent of the whole body rate (the whole body rate for the rat is about 2-3 jtg./hour: Erspamer, 1954a ) would have been detectable. The only factor in this calculation not directly measured was the pool size of tryptophan pre-existing in the liver, which we have assumed to be 100 /ug. This value can be derived by assuming the blood tryptophan to be 1 mg./100 ml.
(cf. e.g., Hier and Bergeim, 1946) (Mitoma, Weissbach and Udenfriend, 1955) stated that the conversion was too small for definite identification. Price and Dietrich (1956) claimed formation of substances having the properties of 5-hydroxyindoles on perfusing tryptophan through rabbit livers. As our experiments were largely on rats, with some on mice, it is possible that species differences might be involved, though we think this unlikely to be a major factor.
During this work we encountered a patient with argentaffinoma presenting unusual features, which have been described elsewhere (Smith et al., 1957) .
Biochemically the most striking feature was the excretion of considerable amounts of 5-hydroxytryptophan, as well as of 5-HT and 5-HIAA. The most likely explanation for this was that metastases existed in the kidney, and that the 5-hydroxytryptophan was formed in the argentaffin cells and excreted before all was metabolized to 5-HT. The existence of kidney metastases was confirmed clinically by intravenous pyelography, but unfortunately it was not possible to obtain permission to do a post mortem examination. This case seemed to us to provide strongly suggestive evidence that formation of 5-hydroxytryptophan occurred in the argentaffin cells. We therefore turned our attention to perfusion of the blood vessels of the gut, as the major site of argentaffin cells is the intestinal mucosa. Unfortunately we were unable to establish conditions under which adequate oxygenation occurred. As the argentaffin cells, even in the tissues richest in them, are comparatively few in number and in that part of the tissue furthest from the larger tissue blood vessels, the occurrence of an oxidative reaction in these cells is likely to be particularly sensitive to oxygen supply.
The likelihood that formation of 5-hydroxytryptophan occurs in the argentaffin cells can also be supported on general grounds. The normal animal contains far more 5-hydroxytryptophan decarboxylase than is required to form 5-HT at the normal rate. The limiting factor is therefore availability of substrate.
If, as far as 5-HT is concerned, argentaffin cells were concerned only with decarboxylation, the presence of a large extra number of cells as in metastasizing carcinoid would not be expected to alter 5-HT output appreciably. As 5-HT output is markedly raised, the increase in number of argentaffin cells is presumably accompanied by a corresponding increase in formation of the 5-hydroxytryptophan needed as substrate for the decarboxylase. In view of the possible relation of 5-HT to brain function it is of interest that for many years some histologists (e.g., Masson and Berger, 1923; Masson, 1928) have considered that argentaffin cells bear a close relation to the nervous system.
We consider that our results strongly suggest that the argentaffin cells are the main site of biosynthesis of 5-hydroxytryptophan. If this is the case the low concentration of argentaffin cells makes it seem likely that formation of 5-hydroxytryptophan will prove difficult to study by enzymic techniques except in tumour tissue.
SUMMARY
1. The activity of 5-hydroxytryptophan decarboxylase in some tissues of the mouse and rat is reported.
